The Ganges river system is responsible for the transportation of a large flux of 18 dissolved materials derived from Himalayan weathering to the oceans. Silicate 19 weathering-driven cooling resulting from uplift of the Himalayas has been 20 proposed to be a key player in Cenozoic climate variation. This study has 21
observed in other large river systems. Dissolved δ 7 Li are low (~11‰) in the 26
Ganges headwaters, but reach a constant value of 21 ± 1.6‰ within a relatively 27 short distance downstream, which is then maintained for almost 2000 km to the 28 Ganges mouth. Given that Li isotopes are controlled by the ratio of primary 29 mineral dissolution to secondary mineral formation, this suggests that the 30
Ganges floodplain is at steady-state in terms of these processes for most of its 31 length. Low δ 7 Li in the mountainous regions suggest silicate weathering is 32 therefore at its most congruent where uplift and fresh silicate exposure rates are 33 high. However, there is no correlation between δ 7 Li and the silicate weathering 34 rate in these rivers, suggesting that Li isotopes cannot be used as a weathering-35 rate tracer, although they do inform on weathering congruency and intensity. 36
The close-to-constant δ 7 Li values for the final 2000 km of Ganges flow also 37 suggest that once the size of the alluvial plain reached more than ~500 km (the 38 flow distance after which riverine δ 7 Li stops varying), the Ganges exerted little 39 influence on the changing Cenozoic seawater δ 7 Li, because riverine δ 7 Li attained 40 a near steady-state composition. 41 42 43
Introduction 44
Chemical weathering of silicate rocks is a significant long-term removal 45 process of atmospheric CO2, both through supply of cations and alkalinity for 46 marine carbonate precipitation, and through supply of nutrients for organic 47 carbon burial (Berner, 2003; Berner et al., 1983; Walker et al., 1981; West et al., 48 2002; West et al., 2005) . As such, it has long been postulated as a key long-term 49 climate control and stabilisation mechanism. In the Cenozoic, in particular, it is 50 the Ganges do not appear represent simple two-endmember mixing, but imply 225 isotope fractionation processes occurring during weathering (Section 5.1). 226
River sediment Li isotope ratios range from -2.6 to 2.9‰, with an average 227 δ 7 Li of -0.3 ± 1.3‰ (Table 2) , which is within uncertainty of the value of the 228 upper continental crust Teng et al., 2004) , although they 229 exhibit a larger range than values of -1.02 to +0.39‰ reported from a single 230 location close to the mouth of the Ganges (Dellinger et al., 2014) . Given that 231 rivers such as the Amazon have displayed depth-trends in Li isotope 232 composition, with decreasing δ7Li values with increasing grain size (Dellinger et 233 al., 2014) , this study analysed δ 7 Li values from sediments at different depths in 234 several locations, as well as from a bank deposit. No trend with depth exists in 235 these rivers, implying that the suspended load is better mixed, or has a more 236 consistent mineralogy, than in the Amazon. Overall the 4.5‰ range in sediment 237 isotope ratios over ~2000 km of river flow (Fig. 3) is similar to the 5‰ range in 238 the Mackenzie River basin , but smaller than the 9‰ range 239 reported from the Amazon (Dellinger et al., 2014) . 240 241
Discussion 242
Lithium isotopes provide information on the balance of silicate rock 243 dissolution to secondary mineral formation, described as the weathering 244 congruency, or the weathering intensity. It is important to note that different 245 studies define "weathering intensity" in different ways, such that high 246 weathering intensity has been considered as high primary rock dissolution and 247 low dissolved δ 7 Li Pogge von Strandmann et al., 2010; 248 Pogge von Strandmann et al., 2013) , while in other studies it is considered as 249 high secondary mineral formation and high dissolved δ 7 Li . 250
In this study we adopt the terminology of Dellinger et al., 2015, while noting that 251 yet other definitions are also available . All of these studies 252 however agree that high secondary mineral formation relative to primary 253 mineral dissolution drives dissolved δ 7 Li high. 254 255
Comparison of lithium isotopes to river chemistry 256
It has been demonstrated that Li isotopes are not affected by dissolution 257 of carbonates, both in the High Himalayas and in the 258
Mackenzie catchments , but are solely controlled by silicate 259 weathering. Mixing relationships (e.g. between Ca/Na and Li/Ca) that were used 260 in those studies to show this are not as apparent in the Ganges, possibly because 261 secondary processes are affecting both [Ca] (e.g. plant growth/decay) and [Li] 262 (e.g. secondary mineral destabilisation), as well as effects by the dissolution of 263 evaporites on Na and possibly Li Rai et al., 264 2010) . Nevertheless, it is clear that riverine δ 7 Li values are not being controlled 265 by carbonate weathering, because samples with highest Ca/Na have low δ 7 Li, 266 while carbonates tend to have isotopically heavy, seawater-like, values (Lechler 267 et al., 2015; Marriott et al., 2004; Pogge von Strandmann et al., 2013) . 268
In a number of river studies, Li/Na ratios have been reported to have 269 similar behaviour to Li isotope ratios, and the former has been inferred as a 270 tracer of water-rock interaction time Liu et al., 2015; 271 Millot et al., 2010) . This is because Na is thought to be significantly more mobile 272 than Li during weathering, and, generally, little Na is incorporated into 273 secondary minerals compared to Li. Waters with lowest δ 7 Li have highest Li/Na, 274 defining a negative co-variation and thus agreeing with the trend shown in other 275 studies Dellinger et al., 2015; Liu et al., 2015; Millot et al., 276 2010) . However, in these Ganges waters, there is significant variation (over an 277 order of magnitude) in Li/Na for a virtually constant δ 7 Li (Fig. 4) . This suggests a 278 degree of decoupling between [Li] and δ 7 Li in these waters, which is also 279 observed in the lack of direct co-variation between these two parameters. 280
Interestingly, data from the High Himalayas ) exhibit a 281 similar pattern (Fig. 4) , with relatively constant δ 7 Li for a high variation in Li/Na 282 (~0.0001 to 0.001). Although the data are sparser, the same could be argued for 283 the Ganges-Brahmaputra study of Bagard et al. (2015) . 284
Overall, some of the data from global rivers show a logarithmic 285 relationship between δ 7 Li and Li/Na, apparently consistent with kinetic 286 fractionation, and possible to simulate with a Rayleigh equation. Given that much 287 of river weathering is an open system, riverine behaviour should not be able to 288 be attributed to closed-system Rayleigh behaviour, and we also examine 289 equilibrium fractionation processes. To assess Rayleigh fractionation factors we 290 use a standard approach used by a number of studies 291 Dellinger et al., 2015; Pogge von Strandmann et al., 2012) , but in this case we use 292 an average continental crust δ 7 Li of 0‰ as the initial composition, assuming 293 entirely congruent weathering. There is significant scatter, most likely due to 294 lithology effects on Li/Na ratios (for example, due to a range of initial Li/Na 295 compositions or due to the formation of Na-bearing secondary minerals, such as 296 zeolites (e.g. analcime, chabazite, phillipsite, etc.), or smectites such as Na-297 montmorillonite), and similar effects on δ 7 Li, because primary lithology will 298 determine secondary mineralogy, which will affect Li isotope fractionation 299 factors (Millot and Girard, 2007; Pistiner and Henderson, 2003 ; Pogge von 300 Strandmann et al., 2010; Pogge von Strandmann et al., 2006; Vigier et al., 2008; 301 Williams and Hervig, 2005 (Lupker et al., 2012) . However, a best-fit Li isotope Rayleigh fractionation 306 factor for global data (Fig. 4) is α ~ 0.995 (Δ 7 Li = -5‰), as also suggested for the 307 Ganges-Brahmaputra . Maximum and minimum 308 fractionation factors, which incorporate the totality of the data (excluding 309
Amazonian samples that are controlled by secondary mineral re-dissolution 310 ) are α = 0.985 (Δ 7 Li = -15‰) and α = 0.9975 (Δ 7 Li = -311 2.5‰). As mentioned above, it is notable that almost all of the High Himalayan 312 data and the Ganges data from this study plot above the 313 median α = 0.995 line. This study's Ganges samples are encompassed by 314 fractionation factors of 0.9955 -0.985, although when precipitation corrected 315 Li/Na* ratios are used (using the correction detailed by Frings et al., 2015, using 316 the methods of other Ganges studies (Bickle et al., 2005; Dalai et al., 2002; Galy 317 and France-Lanord, 1999; Rai et al., 2010) ), this changes slightly 318 to 0.995-0.98, with a median fractionation factor of 0.988 (Δ 7 Li = -13‰). Other 319 large rivers like the Amazon also plot above the 0.995 line, where their starting 320 compositions are similar to those of the Ganges (Dellinger et al., 2014) . 321
Generally, sediments from these rivers exhibit a similar range in Li/Na to each 322 other and to global shales (Fig. 4) . In contrast, rivers that drain basaltic terrains 323 (Iceland, Azores, Columbia River Basalts Pogge von Strandmann 324 et al., 2010; Pogge von Strandmann et al., 2006) do have a significantly different 325 starting Li/Na (Fig. 4) , although the effect of using a basaltic starting δ 7 Li 326 composition of 3-5‰ higher than the continental crust is relatively minor. 327
Whereas basaltic data follow a Rayleigh relationship (Fig. 4) , this study's 328
Ganges data appear to be closer to an equilibrium (batch) relationship (dashed 329 lines in Fig. 4 ), mostly plotting between fractionation factors of 0.97-0.98. Such a 330 relationship implies that the Ganges reaches a steady-state between primary 331 rock dissolution and secondary mineral formation (this is discussed in more 332 detail in Section 5.2), whereas the supply-rich (i.e. kinetically-limited) basaltic 333 terrains and High Himalayas do not. 334
Generally, then, weathering of large continental crust floodplains such as 335 that of the Ganges appears to cause an equilibrium-style relationship, requiring 336 higher Li isotope fractionation factors than basaltic terrains. This is likely due to 337 the different types of secondary mineral that form in different weathering 338 environments. For example, kaolinites, which tend to be associated with 339 weathering of intermediate to felsic continental crust rather than basalt, are 340 thought to impart relatively high Li isotope fractionation factors (Millot and 341 Girard, 2007; Pistiner and Henderson, 2003) . There therefore appears to be 342 some degree of lithological control over Li isotope ratios in rivers in general, 343 because the primary lithology will control secondary mineralogy, and hence the 344 fractionation factors it imposes (Pogge von Strandmann et al., 2010; Wang et al., 345 2015) . This means, for example, that the interpretation of Li isotopes as a palaeo-346 weathering proxy (Hathorne and James, 2006; Lechler et al., 2015; Misra and 347 Froelich, 2012; Pogge von Strandmann et al., 2013; Ullmann et al., 2013) requires 348 some knowledge of the weathered lithology to make quantitative interpretations 349 about the weathering fluxes. 350
Using the median fractionation factors described above for the Ganges, 351 the same distillation relationships can be used to describe the fraction of Li in 352 solution, relative to that in the solid phase (Frings et al., 2015; Millot et al., 2010; 353 Pogge von Strandmann et al., 2012; Vigier et al., 2009) . Hence, if the δ 7 Li of a 354 river were 0‰, identical to the source rocks, 100% of Li would be in solution. For Si, they then divided this yield by the fraction of Si in solution, determined 360 from Si isotope ratios using a Rayleigh relationship, to give the initial Si 361 mobilisation rate, independent of secondary mineral formation. This determined 362 that ~75% of Si mobilisation in the Ganges occurs outside the Himalayas, in the 363 alluvial plain and peninsular rivers. 364
Here, we perform the same type of calculation for Li, which shows that 365 around 63% of initial Li mobilisation (total ~12 Gmol/yr Li if Rayleigh, ~1.1 366 Gmol/yr if equilibrium) occurs outside the Himalayas. This percentage is highly 367 insensitive to the fractionation factor used (the entire range in α for these 368
Ganges samples changes this percentage by 0.6%). This therefore shows that 369 greater silicate weathering occurs away from the mountain areas, which agrees 370 with estimates based on bulk chemistry (West et al., 2002) , and Li isotope 371 studies from New Zealand (Pogge von Strandmann and Henderson, 2015) , as 372 well as reactive-flow modelling (Bouchez et al., 2013) . However, there is a 373 difference in the estimates based on Si isotopes (~25% of initial Si is from the 374 Himalayas (Frings et al., 2015) The difference between Li and Si isotopes as a tracer is discussed below, but it is 380 probable that the difference in estimates is due to different mobilities in the 381 weathering environment. While Li and Si are similarly mobile during basalt 382 weathering (Pogge von Strandmann et al., 2016) , the complex environment of 383 floodplains such as that of the Ganges, and the general lack of Li concentration 384 analyses, means that such estimates are not possible yet for these terrains. In 385 addition, some degree of control by biology over Si isotopes and concentrations 386 is likely -in particular, due to the intensive agriculture of the Ganges alluvial 387 plain. In contrast, Li isotopes are unlikely to be directly affected by enhanced 388 plant growth (Clergue et al., 2015; Lemarchand et al., 2010; Pogge von 389 Strandmann et al., 2016) , and fertilisers in the High Himalayan region are 390 thought to have higher δ 7 Li than any samples observed here (Kisakürek et al., 391 2005) . 392 393
Comparison of lithium isotopes to physical parameters 394
The samples furthest up the Ganges and its catchment were taken above 395 the town of Rishikesh, almost 2500 km from the river mouth, and located in the 396
Himalayan foothills. Lithium concentrations are relatively low here (2-3 ng/ml), 397 but increase sharply several hundred km downstream (Fig. 2a) , apparently when 398 highly concentrated tributaries from the north (with up to ~12 ng/ml Li) merge 399 with the Ganges. One of the largest tributaries, the Yamuna River, also has 400 relatively high [Li] , and this also appears to serve to keep the Ganges [Li] high. 401
After the confluence of the Yamuna with the Ganges ~1500 km above the river 402 mouth, Li concentrations start to decline, and after the Ganges enters the 403 southern alluvial plain, [Li] is lower than in the Himalayan foothills. This decline 404
in concentration again appears to be driven by the tributaries in the alluvial 405 plain, which have low Li concentrations. Enhanced secondary mineral formation 406 is unlikely to be causing this concentration decline, because Li isotope ratios are 407 not being changed by whatever process is causing the concentration decrease. 408
The change in [Li] is more likely a result of dilution by precipitation-sourced 409 waters, as other elemental concentrations are also affected. However, dissolved 410 [Li] does not directly co-vary with discharge values, although it must be noted 411 that these are literature compilations rather than direct snapshot values (Frings 412 et al., 2015; Jain et al., 2007) . There is a co-variation between discharge and [Li] 413 in the final ~400km, but not before (Fig. 5) , suggesting that dilution is not a big 414 effect on Li concentrations aside from this final part of the Ganges (and that δ 7 Li 415 is not affected by this dilution). Such a relationship is opposite to that reported 416 from the Congo (Henchiri et al., 2016) . 417
In contrast, Li isotope ratios exhibit their largest variation in the 418 headwaters of the Ganges. Including this study, the river at Rishikesh has been 419 sampled for Li isotopes approximately every decade for the last 30 years (Bagard 420 et al., 2015; Huh et al., 1998) , and has had uniformly low δ and both the Ganges and its tributaries are close to the global riverine mean of 438 ~23‰ . Such constant δ 7 Li values for such a long distance 439 imply a balance between mineral dissolution and precipitation, as would be 440 thought to characterise a floodplain at steady-state, i.e. one that maintains an 441 approximately constant level of weathering intensity. Our data suggest that the 442 Ganges floodplain is broadly in steady-state for ~80% of its flow length, from the 443 area of Kanpur to the river mouth ( Fig. 1 & 2b) , and that weathering is only out 444 of balance in the foothills regions of the studied area. 445
Pogge von Strandmann and Henderson (2015) and Dellinger et al. (2015) 446 have both showed that Li isotope ratios in rivers tend to be driven lower in 447 regions of higher uplift and therefore higher denudation and exposure rates, Yamuna and the foothills-sourced Ganges Rivers (Fig. 2b) . 457
While uplift rates are not available for these samples, in the Himalayan 458 region, altitude is an approximate facsimile to exposure. Figure 6b shows a 459 literature compilation of Li isotopes in the Ganges-Brahmaputra catchment area, 460 and there is a broad co-variation where lower altitude corresponds to higher 461 dissolved δ 7 Li. There is considerable variation in the High Himalayas (Kisakürek 462 et al., 2005) , which may be because very small streams are also represented in 463 that study, but as described above, rivers with lower δ 7 Li will have the greater 464 influence on riverine signals downstream. Overall, however, it is probable that 465 the low δ 7 Li values observed in the Ganges headwaters are due to relatively 466 greater primary rock exposure and dissolution (more congruent silicate 467 weathering), while the increase in δ 7 Li further downstream is due to increasing 468 secondary mineral formation (more incongruent silicate weathering), due to 469 increased water-rock interaction times (reaction kinetics) driving a greater 470 degree of secondary mineral oversaturation and precipitation (reaction 471 thermodynamics). 472 473
Li isotopes as a proxy for silicate weathering rates 474
While Li isotopes are generally thought to be an excellent tracer of silicate 475 weathering congruency or intensity, a number of studies have also found 476 correlations between riverine δ 7 Li and the silicate weathering rate. In particular, 477 negative co-variations have been reported from Iceland and 478 the Mackenzie River basin (the Mackenzie River accounts for 479 ~2% of global riverine discharge ). Some interpretations of 480 palaeo δ 7 Li data have been based on these two published negative relationships, 481 and the assumption that clays and the dissolved load co-behave (Dosseto et al., 482 2015) . Overall, however, it seems highly unlikely that δ 7 Li can be used as a 483 weathering rate tracer, unless the weathering system is extremely simple, and 484 the secondary mineral formation rate and fractionation factor stays constant, 485 while the primary mineral dissolution rate is then solely a function of the 486 weathering rate. 487
In the case of these Ganges data, silicate weathering rates were calculated 488 from the discharge rates, precipitation-corrected major element data and 489 catchment areas calculated by Frings et al. (2015) , using the methods 490 demonstrated by numerous other studies, by correcting for silicate and 491 evaporate components (Dalai et al., 2002; Gaillardet et al., 1999a; Galy and 492 France-Lanord, 1999; Rai et al., 2010) . As shown in Figure 7 , there is no 493 relationship between silicate weathering rate and δ 7 Li for these samples (r 2 = 494 0.01). In other words, for one of the Earth's major rivers, that supplies ~3% of 495 the global riverine Li flux , dissolved Li isotopes are not a tracer 496 of the silicate weathering rate. Figure 7 also shows data from globally significant 497 rivers responsible for ~30% of the global riverine discharge , 498 which similarly exhibit no relationship between δ 7 Li and weathering rate. 499
Hence, while some river systems show co-variations between these two 500 factors, overall it is clear that Li isotopes cannot be used as a weathering rate-501 tracer, and therefore modelling must be used to determine any useful 502 weathering fluxes from riverine or seawater records (Bouchez et al., 2013; 503 Lechler et al., 2015; Li and West, 2014; Pogge von Strandmann et al., 2013; Pogge 504 von Strandmann et al., 2014; Vigier and Godderis, 2015; Wanner et al., 2014) . 505 506
Comparison between Li and Si isotopes 507
Silicon isotope ratios have also been determined for these samples 508 (Frings et al., 2015) . In theory, δ 30 Si behaves similarly to δ 7 Li, in that both 509 systems are used as silicate weathering tracers, where secondary minerals 510 preferentially take up light isotopes, driving river waters and seawater to 511
isotopically heavy values (De la Rocha et al., 2000; Georg et al., 2006; Georg et al., 512 2007; Opfergelt et al., 2013; Opfergelt et al., 2009; Ziegler et al., 2005) . In 513 addition, for Si isotopes, primary productivity (e.g. diatoms) and plant growth 514 exert an influence, and preferentially take up light isotopes (Opfergelt et al., 515 2006) . The Ganges's δ 30 Si values have been interpreted similarly to Li isotopes 516 by Frings et al. (2015) , i.e. controlled by silicate weathering congruency, with 517 additional, indistinguishable, effects from plants or other biological processes, 518
and have been used to determine silicate weathering fluxes (Frings et al., 2015) . 519
It therefore makes sense to compare these two tracers, given their behavioural 520 similarity, but also their differences, as Si is a major structural element of both 521 primary silicate rocks and many secondary minerals, while Li is only a trace 522 element. 523
Overall, then, there is a positive co-variation between δ 7 Li and δ 30 Si (Fig.  524   8 ). This trend is pinned by the Ganges mainstream, which exhibits a good 525 correlation (r 2 = 0.78). Himalayan headwaters are isotopically light (congruent 526 weathering) for both systems. However, the Ganges tributaries show much 527 greater relative variability for Si isotopes than for Li isotopes. Thus, while the 528
Ganges mainstream makes up 80% of the total δ 7 Li variation observed, it only 529 makes up 50% of the δ 30 Si variability. This difference is likely due to differing 530 fractionation caused to both systems by secondary minerals, because Si is a 531 major structural component of many minerals, while Li is a trace element (Pogge 532 von Strandmann et al., 2012) . However, this does not necessarily explain 533 relatively constant δ 7 Li in samples with variable δ 30 Si, because a given secondary 534 mineral should impose a set fractionation on both Li and Si isotopes. Differences 535 in reaction kinetics may therefore be a primary control of the difference in 536 isotope fractionation. Si may require more time to be incorporated into 537 neoformed minerals, while Li is at least partially controlled by sorption (Millot 538 and Girard, 2007; Pistiner and Henderson, 2003; Pogge von Strandmann et al., 539 2016; Pogge von Strandmann et al., 2012) . Alternatively, Si isotopes are affected 540 by plant and/or diatom growth, which may be imposing additional, and 541 potentially quite spatially variable, fractionation (Opfergelt et al., 2006; Opfergelt 542 et al., 2011) , and therefore the δ 30 Si variability beyond that which correlates with 543
Li isotopes could be a biologically-induced effect. Hence, the Ganges system, with 544 its longer water flow time in the alluvial plain compared to most rivers studied 545 for Li isotopes, would be expected to approach a state where both Li and Si 546 isotopes reach a degree of steady-state. In addition, a co-variation has also been 547 reported from plant-and organic-poor waters from Iceland (Fig. 8) , suggesting 548 that in systems where biological fractionation of Si isotopes is low, Li and Si 549 isotopes will behave similarly (Opfergelt et al., 2013) , because Li isotopes are 550 unaffected by plants (Lemarchand et al., 2010; Pogge von Strandmann et al., 551 2016) . 552 553
Global implications of the Ganges Li chemistry 554
It is clear from the comparison of Li and Si isotopes that silicate 555 weathering is more congruent (less intense) in the Himalayan foothills of the 556
Ganges than it is in the alluvial plain. It has equally been shown that on average 557 High Himalayan catchments are even more congruent (Fontorbe et al., 2013; 558 Kisakürek et al., 2005) . This behaviour makes it abundantly clear that dominant 559 secondary mineral formation, and hence isotope fractionation, occurs in the 560 floodplains. This evidence is substantiated by both mineralogical analyses that 561 suggest that authigenic clays only become dominant in alluvial plains 562 (Chakrapani et al., 1995) , and by other estimates of weathering by solute mass 563 balance Lupker et al., 2012; West et al., 2002) , 564 which also suggest that the primary locus of CO2 drawdown through silicate 565 weathering is in floodplains rather than steep slopes. 566
Overall, an increase in Himalayan denudation, delivered to the oceans by 567 the Ganges-Brahmaputra river system, has been argued to be the (or a) cause of 568 increases in seawater 87 Sr/ 86 Sr and 187 Os/ 188 Os (Bickle et al., 2005; Galy et al., 569 1999; Oliver et al., 2003; Pierson-Wickmann et al., 2002a, b; Sharma et al., 1999) . 570
The increase in Cenozoic seawater δ 7 Li (Hathorne and James, 2006; Misra and 571 Froelich, 2012) has also been interpreted as due to increased Himalayan 572 weathering (Froelich and Misra, 2014) . More recently, data from other uplift and 573 exposure sites have suggested that mountain regions themselves are only the 574 drivers of physical erosion, and that the Li isotope fractionation occurs in the 575 floodplains Pogge von Strandmann and Henderson, 2015) . 576
Interestingly, the Ganges controls the Li flux to the oceans to a similar 577 extent as it does the Sr or Os fluxes, despite the latter two systems also having 578 carbonate sources. The Ganges provides ~3% of the total riverine supply of Li to 579 the oceans (compared to 2% of Os (Levasseur et al., 1999) and ~3% of Sr 580 (Krishnaswami et al., 1992) ), and the whole Ganges-Brahmaputra system ~7% 581 , with another estimated 2% of the total flux provided by 582 groundwater flow into the Bengal Basin . Combined, the 583 three main mountain-sourced river systems with floodplains that greatly 584 increased in size during the Cenozoic (Ganges-Brahmaputra, Amazon and 585 Orinoco) provide almost 16% of the modern global Li flux from rivers to the 586 oceans, compared to an estimated ~20% for Sr (Raymo et al., 1988) . The three 587 rivers mentioned above would have to increase their mean δ 7 Li by 30-40‰ to 588 drive the observed seawater change at equilibrium, with no change in flux, which 589 is extremely unlikely, given observations of modern rivers. Even the evolution of 590 their floodplains (Pogge von Strandmann and Henderson, 2015) is unlikely to be 591 responsible for the entire change in seawater δ 7 Li. Hence, the relationship 592 between continental weathering changes and seawater δ 7 Li is not 593 straightforward, and other Cenozoic changes, such as a "sink-shift" (Li and West,(Coogan and Dosso, 2015) , may have to be invoked in combination with a 596 weathering change. 597
The other inference that can made from these Ganges data for the 598 Cenozoic evolution of seawater δ 7 Li is that it appears that growth of the Ganges 599 floodplain beyond ~500km from the Himalayan foothills would no longer change 600 seawater δ 7 Li, as evidenced by the near constant riverine δ 7 Li values. Beyond 601 this point, under present climatic conditions, the floodplain is in approximate 602 steady-state for Li isotopes (and also for Si isotopes (Frings et al., 2015) ). A 603 similar observation can be made for the Amazon, where most fractionation 604 occurs close to the foothills, and then remains constant across the floodplain 605 . If present-day measurements can be used as an analogy 606 for general Cenozoic behaviour (as used for Sr isotopes This study has analysed Li isotopes from over 50 samples of the Ganges 613 river and its tributaries, representing over an order of magnitude increase in 614 sampling density compared to previous studies. Lithium isotope ratios are fairly 615 constant for the lower ~2000 km of flow of the Ganges, and δ 7 Li only decreases 616 at the head of the river in the Himalayan foothills. Silicate weathering is 617 therefore at its most congruent in mountainous regions where uplift and fresh 618 silicate exposure rates are high. These data were used to calculate a Li yield from 619 primary rock, indicating that over 63% of Ganges Li stems from the floodplains, 620 rather than the mountainous regions. This observation agrees with those made 621 from bulk river chemistry, as well as Si isotopes, although the precise fraction of 622
Li and Si coming from the Himalayas appears to be different, based on their 623 individual isotope systems, likely due to a combination of secondary mineral 624 reaction kinetics, and the influence of biology over Si. 625
Overall, despite some publications using Li isotopes as a tracer for the 626 silicate weathering rate, there is no correlation whatsoever between Ganges δ 7 Li 627 and silicate weathering rates. The lack of such a correlation in one of the Earth's 628 major rivers strongly indicates that δ 7 Li also cannot be used as a direct palaeo-629 weathering rate tracer. 630
Finally, the Li isotope data (which are controlled by the ratio of primary 631 mineral dissolution relative to secondary mineral formation) suggest that the 632 Ganges, as well as global shales (Dellinger et al., 2014) . The grey line is a Rayleigh 988 relationship for basaltic terrains, using the grey box as a starting composition 989 (Pogge von Strandmann et al., 2010; Pogge von Strandmann et al., 2006) . 
